An experimental study has been made of the fluid dynamics performance of electronic equipment designed to cool a heat sink in the form of a finned duct. The apparatus consists of a channel of rectangular section containing the finned duct. A forced airflow is driven by three fans placed in parallel in the inlet and in the outlet sections of the channel. In order to investigate a full range of flow rates, different sets of fans were used in the inlet section. Measurements were made of static pressures at different channel positions by pressure taps connected to a micro manometer, and of the flow rate by a Venturi meter. The experimental working conditions of the active fans were consistent with the manufacturers' characteristic curves. Values of the local friction coefficient compared well with published correlations. The experimental working points agreed very well with the theoretical curve of the pressure drop and the hydraulic diameter was demonstrated to be of the appropriate size for this fluid dynamics problem.
Introduction
The cooling systems of a FM power amplifier commonly use forced circulation of air at ambient temperature. These systems, in order to guarantee effective heat transfer, are characterized by wide surfaces of exchange involving finning. However, these large surfaces cause correspondingly high pressure drops, characteristic of such devices. The performance of these heat transfer devices depends on the heat transfer coefficient and on the ve-locity of the fluid flowing through the finned duct. One-dimensional models are commonly used for the design of the fluid flow system and for the calculation of the pressure drop. The available schemes for this simplified approach do not cover all the configurations and need to be adapted from similar geometries.
As reviewed by Saini and Webb [1] , in the literature, studies mainly focused on two geometries: the duct flow configuration (airflow parallel to the base) and the impinging flow configuration (airflow in at the top and exiting from sides). However, there is a further configuration, not currently studied but often encountered in amplifiers: the case of a finned duct obtained with two opposed heat-sinks so as to create a channel through which the air flows. Figure 1 shows the geometry of the section and the main dimensional characteristics for such a finned duct.
In this design problem it is desirable to use simple models to predict the pressure drop across the finned duct. In the particular case of electronic equipment the heat exchangers are typically short in length and often the condition of fully developed flow is not reached. Since in these applications the length of the heat sink is never of particular importance, the inlet and outlet regions tend to become significant relative to the total length of the duct. This situation has been discussed in depth by Webb [2] .
The flow regime in a finned duct used for the above equipment varies from laminar to transition and turbulent flow. For fully developed laminar flow in non circular ducts, basic solutions of the Poiseuille problem are available in the literature [3] . For developing laminar flow in non circular ducts, Muzychka and Yovanovich have proposed a model to determine the apparent [4] and the local friction factor [5] . For turbulent flows less correlations are available [6] . In this case the hydrodynamic entrance length is commonly so short to be less significant than in laminar flow and fully developed correlations are sufficiently accurate.
A review of the literature shows that the non circular sections analysed [1] - [6] are always simpler than the highly complex section addressed in this paper (Figure 1 ). An important question to answer, is whether the hydraulic diameter, as commonly defined, has significant meaning for this particular geometry.
The present research seeks to address the fluid flow design of this configuration of finned heat transfer device using a one-dimensional approach. The study is experimental: the test section consists of a channel of rectangular section constructed of four plates of PMMA, containing the finned duct. In Figure 2 the experimental equipment is shown.
Measurements of pressure are made at different sections of the finned duct and of air flow rate by a Venturi flowmeter. Three fans are placed at the inlet and three at the outlet of the channel. Figure 3 shows a longitudinal section with the position of the static pressure taps. The experimental data are compared with the results of a model based on correlations commonly used in practice. The data collected are important in validating the one-dimensional model, which is used to optimize the performance of the apparatus. The present experimental work investigates the hydraulic performance of a finned heat sink. Pressure drops are measured as a function of the flow rate. Experimental operating conditions are compared with the rated characteristic curves of the fan. Finally, a comparison between experimental and theoretical friction coefficients is carried out for laminar, transition and turbulent flows.
Experimental Facility
The experimental apparatus is used to investigate the hydraulic performance of the finned duct. The apparatus itself is designed to replicate as far as possible the flow characteristics of the industrial equipment, which comprises the duct with its finning, and the fans causing the flow of air. The complementary instrumentation is fitted to facilitate the measurement of air pressure drop and flow rate. The tests are carried out under isothermal condition.
Firstly, the finned duct has the same geometry as in the original equipment. The transverse, frontal and longitudinal sections of the duct are shown in Figure 1 and An additional aspect of fan performance in practice is the uniform direction of rotation. As apparent in Figure  4 , the left hand and central fans, and the central and right hand fans combine to give counter rotational swirl. Because of lack of commercial availability of counter-rotating fans, it was not possible to investigate the effect on performance of changing the direction of rotation of the central fan.
Finally, the apparatus is fitted with instrumentation for the measurement of flow and pressure. The Venturi meter is positioned with its entrance coincident with the exit from the outlet central fan. The constrained geometry of the Venturi tube, while consistent with practice, is not strictly in accordance with the ISO standard. Its main dimensions are: upstream and downstream pipe diameter 110 mm; throat diameter and length 65.7 and 25 mm, respectively; entrance cone length 65 mm; cylindrical entrance length 160 mm.
Static pressures are measured with nine taps (Ø 1.5 mm) drilled through the top wall of the finned duct. Two further pressure taps are sited in the inlet and outlet calming sections, immediately after and before the fans. The axial position of each pressure tap along the finned channel (the origin of the coordinate system is assumed to be at the inlet of the channel) is specified in Table 1 . The inlet and outlet pressure taps are at −35 mm and 420 mm from the origin, respectively. The static pressure holes are connected, through solenoid valves, to a micro-manometer Furness FCO 520. A data acquisition system HP34970A is used as a switching control unit.
The ambient temperature is measured by means of a type T thermocouple. The hydraulic diameter is calculated as:
where p duct is the perimeter of the section. Due to the large number of fins, the hydraulic diameter calculated by means of Equation (1) is D h = 6.3 mm. The finned duct is made of aluminium and the roughness of its surface is ε = 0.08 mm [7] .
Model

Local Friction Factor
In laminar flow the local friction factor is calculated, both for fully developed and developing flow, following Muzichka and Yovanovich [5] : where f x is the local friction factor, f is the friction factor for fully developed flow and x + is the dimensionless coordinate:
where x is the position along the duct. The Reynolds number is given by:
where ν is the kinematic viscosity. The friction factor for fully developed flow is calculated taking as the reference a rectangular channel [3] :
( ) 
where the channel aspect ratio, β, is calculated as:
The theoretical Darcy friction coefficient for fully developed flow is given by: 
Pressure Drop
The resulting pressure drop represents the combined effect of the entrance and exit losses of the duct, developing region effects, the core frictional losses and the exit losses of the channel. Any other pressure drops due to the geometry of the equipment have to be included. The theoretical pressure drop is the sum of the following components:
where V duct and V chn indicate the velocity inside the duct and inside the channel, respectively. For laminar flow Muzichka and Yovanovich [5] have proposed the following relationship for the apparent friction factor:
The Darcy friction factor, λ, is then given by:
For turbulent flows Equation (9) 
where σ is the ratio between the area of the duct, A duct , and the area of the channel, A chn . The exit loss coefficient, e K′ of the channel is calculated as a function of the passage area of the fans and of the channel [9] .
Methodology
In the present work, the hydraulic performance of the finned duct is studied in terms of pressure drop and friction coefficient for an air flow at ambient temperature. The fans cause a forced motion of the fluid. The finned duct has been tested for a flow range provided by the five different sets of active fans.
Data acquisition starts after the attainment of a steady airflow; 15 s are sufficient for this aim. An example of the time distribution of pressure drop in the Venturi meter is shown in Figure 6 to confirm the rapid attainment of steady state conditions. Each data acquisition consists of a substantial number of measurements: one temperature, twelve static pressures and one differential pressure. Furthermore, for each pressure tap fifteen values of pressure are measured by means of the micro-manometer and a statistical analysis of the readings is carried out. Each data acquisition takes ten minutes.
For each data acquisition, the ambient temperature, the gauge static pressure (P st ) through the channel and the differential pressure in the Venturi meter (ΔP av ) are measured. The on/off of the solenoid valves and the following pressure readings are driven by software via a PC.
For flow measurement we use only one Venturi meter after the central fan. The pressure drop introduced by this instrument, while not unappreciable, is small compared with that due to the inactive fans. For this reason, the flow rate measured by means of the Venturi meter is multiplied by three to obtain the total airflow.
Not only so, but the experimental constraints meant that the Reynolds number range in the upstream fell below, and the diameter of the cylindrical entrance were well above, the recommended ISO values. We therefore checked the experimental Venturi parameters with published data of Idelchick [9] , enabling a reliable value of the discharge coefficient to be established. In the Venturi meter the mean velocity in the section upstream of the convergent duct is calculated from the measured pressure difference (ΔP av ):
where α is the discharge coefficient, A 1 is the inlet section area and A 2 is the throat section area. The experimental pressure distribution is interpolated in order to obtain the pressure gradient along the duct. These interpolations are performed taking into account the uncertainties both in the dependent and independent variables [10] .
The air flow rate and the pressure distribution in the channel allow the experimental values to be obtained of the local Darcy friction factor. This parameter is calculated far from the inlet in order to reduce the effect of the flow development:
The uncertainty of the parameters is estimated at the 95% confidence level, following the simplified procedure proposed by Moffat [11] .
If values of fixed and random errors are available, the overall uncertainty assigned to the measured variable y is given by:
Otherwise, an overall uncertainty has been estimated on the basis of the manufacturers specifications. The overall uncertainty assigned to the calculated parameter P is estimated using the root-sum-square propagation rule:
The relative uncertainty of the flow rate reaches 1% at maximum, whereas for the Reynolds number is lower than 5%. The local Darcy friction factor is accurate to between ±9% and ±17%.
The high uncertainty of the local Darcy friction factor is mainly due to the uncertainty of the pressure gradient and less to the velocity in the inlet section of Venturi meter. Figure 7 shows the relative static pressure distributions inside the finned duct for a series of tests carried out with one model of fan (Sanyo San Ace 120-9SG) supplied with a range of voltages. In Figure 7 the vertical dotted lines indicate the position of the fans and the vertical solid lines the beginning and the end of the finned duct.
Results and Discussion
The pressure drop in the channel increases for increasing flow rates. With the exception of the entrance, the pressure decreases monotonically along the duct. In the entrance region a stronger pressure drop is evident, in particular for the highest flow rates. As discussed by Webb [2] , this behavior can be explained by the further decrease of static pressure due to the recirculation of the fluid close to the wall of the duct in the sudden contraction of the passage area (vena contracta).
A high flow rate also has a clear effect in the outlet section of the finned duct, where the static pressure is lower than in the calming section. This is due to the recovery of static pressure linked to the decrease of fluid velocity in the calming section. This adverse gradient of pressure does not seem enough to produce recirculation near the outlet.
The pressure gauge in the calming section before the inlet of the finned duct, combined with the flow rate, identify the operating conditions of a test. In Figure 8 are shown the overall operating conditions; in the same figure are reported the characteristic curves of the five different fans. There is agreement between the experimental operating conditions and the rated characteristic curves.
In detail, the fans with the lowest performance show a good correlation between the experimental points of work and the fan characteristic curve. The same happens for the most powerful fan. The accordance is lower for the fan SanAce 120 SG; this is probably due to the fact that the working point falls in the instability region of the curve and this makes the reading less reliable. Completely different is the situation for the fan SanAce 120 CR. This is a double fan of very high characteristics. However, the double impeller creates a jet of small diameter (something like a torch) that is unable to diffuse and mix in the calming section at the inlet of the duct. In this situation the static pressure measured at the wall of the calming section is not reliable. Figure 9 compares experimental values of the Darcy friction coefficient as a function of the Reynolds number with the theoretical values given by Equations (7)- (9) .
For low Re duct the experimental data are in excellent accordance with theory for fully developed laminar flow. For greater values of Re duct , the experimental friction coefficients again agree very well with those obtained with the correlation modified for developing laminar flows, Equation (8) . Finally, for high values of Re duct the experimental data are still in accordance with Equation (9) . This very good agreement means that for this large and complex finned duct (Figure 1 ) the hydraulic diameter is the right parameter to describe the flow behaviour. In spite of the large overall dimension, the hydraulic diameter is closed to that of a rectangular channel 3 × 99.4 mm large, so in the repetition of a micro duct within a macro geometry, the finned duct retains the efficiency of the fundamental repetitive geometry. Based on the model described in Paragraph 3.2, we calculated the characteristic curve of the overall equipment and compared it with the experimental results. The results are shown in Figure 10 . The agreement is par- ticularly good. In Figure 10 only four fans are shown because, as already discussed, the double fan SanAce 120 CR with its torch behaviour does not allow the flow to mix in the inlet calming section and the static pressures measured at the wall of the PMMA channel do not correlate with the flow.
Concluding Remarks
An experimental investigation has been carried out of the fluid dynamics for a complex finned duct of industrial significance under operating conditions. The experimental working conditions were consistent with the manufacturers' characteristic curves. Useful information has been obtained on the pressure drop curve of the device. The experimental data of the local friction coefficient show very good accordance with available correlations for the Darcy friction factor.
The experimental working points agree very well with the theoretical curve of the pressure drop. The hydraulic diameter is demonstrated to be the characteristic dimension appropriate for this complex geometry to obtain the friction coefficient. 
